ABSTRACT The purpose of this study was to establish the effects of ultrasonic treatment of eggs on egg weight loss, hatchability, tibia mineral content, chick performance, and eggshell microbial activity. A total of 600 fresh eggs was randomly divided into 5 groups. Treatments were no ultrasound, 35 kHz for 5 min, 35 kHz for 10 min, 35 kHz for 15 min, and eggs sprayed with benzalkonium chloride solution at 0.02% (negative control). The eggshell microbial activity was reduced significantly at all ultrasonic treatments (P < 0.01). There were no significant differences among treatments for egg weight loss, hatchability, embryonic mortality, chick weight, or tibia Ca, P, K, Na, and Mg content.
INTRODUCTION
Ultrasonic, high-frequency sound waves are used for efficient cleaning of glass and metal parts in analytical laboratories for dissolving, dispersing, homogenizing, and degassing and in many other areas. Recently, ultrasonic devices have also been used in the food industry as a nondestructive quality measurement of fruits (Mizrach et al., 2000; Mizrach, 2007) , food quality and preservation (Knorr et al., 2004; Ordonez et al., 2009; Sert et al., 2011) , and inactivation of microorganisms (Joyce et al., 2003; Yuan et al., 2009; Sert et al., 2011) .
The structure and function of biological molecules can be changed by the ultrasound irradiation. Most common interaction mechanisms involved in this case are either heat or chemical effects and acoustically induced cavitational activity (Yaldagard et al., 2007) .
Ultrasound application inactivated Alicyclobacillus acidoterrestris in apple juice in approximately 60% of the cells within 30 min and more than 80% within 60 min (Yuan et al., 2009) . Similarly, Sert et al. (2011) reported that ultrasonic treatment for 15 min at 35 kHz significantly reduced both egg yolk and albumen for total mesophilic aerobic bacteria.
To the best of our knowledge, no previous studies have investigated the ultrasonic effect on hatching eggs.
Ultrasonic treatment can make a positive impact on embryo development, reduce microbial activity and good hatchability, and therefore enhance the possibility to obtain high-quality and healthy chicks.
The purpose of this study was to produce information on the effects of ultrasonic treatment on eggshell microbial activity, hatchability, tibia mineral content, and chick performance in Japanese quail (Coturnix coturnix japonica) eggs.
MATERIALS AND METHODS

Sampling and Storage
A total of 600 fresh eggs (unwashed, feces-free) was obtained from Japanese quail (Coturnix coturnix japonica; 12 wk of age) that were raised on the Research and Application Farm at the Faculty of Agriculture at Selcuk University (Konya, Turkey). The quail were housed in battery cages (1 male:2 female) with a photoperiod of 16L:8D. The quail were fed a breeder diet (Table 1) . Food and water were provided ad libitum. All eggs were collected over a 24-h period. Prior to the ultrasonic treatments, the eggs were stored for 1 d at room temperature (20 ± 2°C).
Ultrasonic Equipment and Treatments
For ultrasonic treatment, an ultrasonic bath (Sonorex RK 100 H, Bandelin, Berlin, Germany) with 140 W of power and 35 kHz frequency was used. Eggs were Effects of ultrasonic treatment on eggshell microbial activity, hatchability, tibia mineral content, and chick performance in Japanese quail (Coturnix coturnix japonica) eggs sunk into an ultrasonic bath filled with ultrapure water (Human UP 900, Hanna Tech. Co., Soeul, Korea; pH, 7.0; mineral content, <1 µg/kg). Eggs were treated with ultrasonic waves for 5, 10, and 15 min at a temperature of approximately 30°C. Treatments were no ultrasound (C), 35 kHz for 5 min (U5), 35 kHz for 10 min (U10), 35 kHz for 15 min (U15), and eggs sprayed with benzalkonium chloride solution at 0.02% (B; negative control).
Egg Weight Loss
A sample of 74 eggs from each treatment were numbered and weighed at the beginning and on d 14 of incubation to calculate moisture loss. Eggs containing dead embryos and unfertile eggs were excluded from the calculation percentage of egg weight loss.
Incubation Management
Eggs were incubated in a commercial incubator (Çimuka Incubator Co., Ankara, Turkey) with a drybulb temperature of 37.5°C and 60 to 65 % RH until d 14 of incubation when incubator conditions were changed to 37.2°C and 75% RH at the Department of Animal Science, Agriculture Faculty, Konya, Turkey. Eggs were turned through 90° once every 2 h.
Microbiological Analyses
Five eggs per group were taken for microbiological analysis at 1, 7, and 14 d of incubation and immediately placed in sterile stomacher bags containing 50 mL of sterile PBS (7.2 pH). A whole-egg washing technique was used to recover the shell-associated microorganisms for estimating the total aerobic mesophilic bacteria, coliforms, Salmonella spp., Staphylococcus spp., and mold yeast. Serial dilutions were made in PBS and then were inoculated into sterile Petri plates (Gentry and Quarles, 1972; Jones et al., 2002) .
The total aerobic mesophilic bacteria were enumerated on plate-count agar (Merck, Whitehouse Station, NJ) at 37°C for 48 h, according to American Public Health Association (1992). Mold yeast was counted on potato dextrose agar (Merck) at 20°C for 5 d (Pitt and Hocking, 1985) . Coliforms were determined according to WHO (1993) with the most probable number technique using MacConkey's broth. Three series of 3 tubes were incubated at 37°C for 48 h. Staphylococcus spp. were counted on laboratory-prepared Baird-Parker agar (Merck; International Atomic Energy Agency, 1970 ). Suspected colonies were tested for coagulase activity and confirmed by other biochemical reactions. Salmonella spp. were detected in accordance with the International Organization for Standardization-6579 (ISO, 1993) using selenite cystine broth at 37°C for 24 h and bismuth sulfite agar (Merck) at 37°C for 24 h. Colonies were measured as log cfu/egg.
Hatching
Between 377 and 411 h of incubation, eggs in hatcher baskets were checked individually every 2 h, and hatched chicks were recorded and weighed individually. After 411 h of incubation, all hatched chicks were removed from each hatcher basket.
At d 17.5 of incubation, unhatched eggs were opened to establish the stage of embryonic mortality. The stages of embryonic mortality were classified as follows: d 1 to 9 (black eye visible and embryo without feathers), d 10 to 17 (embryo with feathers and embryo with yolk out), and d 17 to 18 (full-grown embryo dead and with yolk subtracted). Fertility was calculated as the percentage of set eggs. The hatchability was calculated from both set eggs set and the fertile eggs.
Analysis of Mineral Content
After 17.5 d of incubation, 4 chicks from each experiment were randomly selected and killed by cervical dislocation, and the left tibia was separated to determine tibia mineral content by MarsXpress technology inside and inductively coupled plasma atomic emission spectrometry (Vista AX CCD Simultaneous ICP-AES; Varion Medical Systems International, Kilkenny, Australia). Approximately 0.20 g of dried sample was put into a burning cup and 5 mL of nitric acid, 3 mL of perchloric acid, and 2 mL of hydrogen peroxide were added. The sample was incinerated in a MARS 5 mi- crowave oven (CEM Corp., Matthews, NC) at 190°C or 12.07 bar pressure and diluted to a certain volume (50 mL) with distilled water. Mineral concentrations were determined by an inductively coupled plasma atomic emission spectrometer (Skujins, 1998) . Plasma conditions were as follows: power, 1,400 W; gas exit, 13.50 L/min; gas flow rate, 1.50 mL/min; nebulizer gas flow rate, 0.90 mL/min; sample intake rate, 2.25 mL/min; preflow time, 45 s; and reading time, 3 × 24 s.
Chick Performance Procedure
After 17.5 d of incubation, 56 chicks per group (14 chicks/pen) were randomly selected to determine their performance for 10 d. Chicks were weighed and marked with a leg ring number. Chicks were raised (4 pens/ group) in different pens with 14 chicks per 0.27 m 2 . During the 10 d of growing, a grower diet (2,912 kcal of ME/kg and 24.1% CP) was provided ad libitum (Table  1) . Room temperature was set at 33°C. The photoperiod was 23L:1D. At the end of 10 d, all chicks were individually weighed (without leg ring). For each chick, the body weight of d 1 (BW1) and the body weight of d 10 (BW10) were used to calculate the relative growth (RG) where RG was defined as RG = 100 × (BW10 -BW1)/BW1.
Statistical Analysis
Fertility, hatchability of set, hatchability of fertile eggs, and embryonic mortality were phenotypes of interest and were analyzed using binary logistic regression analysis. Egg weight loss, microbial activity, hatching time, tibia mineral content, BW at d 1 and 10, and relative growth were analyzed via GLM. The least significant difference test was applied to detect statistically significant differences between groups. All analyses were carried out by using GenStat (Payne et al., 2003) .
RESULTS AND DISCUSSION
Microbiological Activity
Effect of ultrasonic treatment on microbial activity of eggs during incubation is displayed in Table 2 . The eggs' total aerobic mesophilic bacteria content decreased significantly depending upon the ultrasonic treatment (P < 0.001). Similar changes have been observed by Sert et al. (2011) in hen's eggs exposed to the ultrasonic treatment. At the beginning of incubation, eggs treated with benzalkonium chloride were found to have similar total bacteria content to the control groups. Bierer et al. (1961) reported that egg washing compounds were from 52 to 92% efficient in removing or destroying bacteria from the eggshell that were artificially contaminated. The sanitizers may become ineffective as the organic load of the wash water increases. In U15 group samples, 20.7 and 19.1% aerobic microorganism reductions were determined compared with that of control group eggs and benzalkonium chloride-applied eggs, respectively. A continual increase was found in aerobic flora during the incubation period. Smeltzer et al. (1979) found the bacterial penetration was detected for nest eggs and floor eggs (10.5 and 15.3%, respectively).
Coliform bacterial content changed between 0.85 and 3.05 log cfu/egg in the eggs. Application of benzalkonium cloride supplied a 0.2 log coliform bacteria reduction. The lowest coliform bacterial count was determined in the U15 group samples. At the beginning of incubation, coliform bacteria reduction was determined to be 17.5, 40.1, and 59.9 % in U5, U10, and U15 group samples, respectively, depending upon the ultrasonic treatment.
The Salmonella spp. count was determined to be 2.77 log cfu/egg in the control group samples and 2.22 log cfu/egg in the benzalkonium chloride-applied samples. The lowest ultrasonic application time (U5) supplied a Salmonella spp. reduction equivalent to that in the benzalkonium chloride application group. The Salmonella spp. content of egg samples in the control group was determined to be an increase of 0.82 log and was found to be an increase of 0.76 log in the U15 group samples during incubation. Cason et al. (1993) reported that the number of Salmonella-contaminated chicks in commercial hatchers might be reduced, even if Salmonella are not totally eliminated from each egg, if chemical or other treatments can be found to reduce the number of bacterial cells between the shell and shell membranes. Effective washing and sanitizing of hatching eggs at the breeder farm can eliminate or reduce an assortment of bacteria, a result which in turn may increase hatchability and may reduce the number of new hatched chicks contaminated with human food-borne pathogens, such as Salmonella (Cox et al., 1994) .
Significant changes were determined in the content of Staphyloccoccus spp. during the incubation period. Ultrasonic treatment supplied less Staphylococcus spp. content than samples applied with benzalkonium chloride and than the control groups. Russell (2003) reported that electrolyzed oxidizing water completely eliminated all Salmonella enterica serovar Typhimurium on 3 (20%), 7 (36.7%), 1 (6.7%), and 8 (53.3%) and also Staphylococcus aureus on 12 (80%), 11 (73.3%), 12 (80%), and 11 (73.3%) eggs of 15 tested in repetitions 1, 2, 3, and 4, respectively. A 54.5% reduction difference was assessed between U5 and U15 group samples. The Staphylococcus spp. count was found to be the lowest in the U15 group samples, the highest values were determined in the control groups at the end of the incubation.
The yeast-mold content of eggs was evaluated as 3.74 to 4.61 log cfu/egg in the control samples. Benzalkonium chloride application constituted a reduction of 0.54 log and 0.67 log at the beginning of the incubation and at the end of the incubation, respectively. Ultrasonic treatment constituted a 17.9 to 54.8% decrease of yeast-mold content, depending upon the application time. At the end of incubation period, the yeast-mold content was found to be less than 46% in samples exposed to ultrasonic treatment compared with that of the control groups.
Egg Weight Loss
The results of set egg weight, transfer egg weight, and egg weight loss during the incubation of 0 to 14 d of embryonic development are given in Table 3 . There were no significant differences in set egg weight and transfer egg weight for all treatments. No significant differences were observed in egg weight loss during incubation from 0 to 14 d (C, 10.78%; B, 10.56%; U5, 10.37%; U10, 10.52%; and U15, 10.42%). Peebles et al. (1998) reported that cuticle removal did affect egg weight loss during incubation in broiler hatching eggs. Our results demonstrated that ultrasonic treatment does not have a negative effect on the eggshell cuticle. If the cuticle had been damaged, there would be an increase in water loss through the pores of the shell (Peebles et al., 1998) . Geng and Wang (1990) and Mo et al. (2007) also stated that rapid moister loss was a disadvantage for the normal embryonic development.
Chick BW and Chick BW:Initial Egg Weight
There were no significant differences between treatments for initial egg weight, chick BW, and chick weight/initial egg weight (Table 4) . Chick BW were not affected by treatments (C, 8.40 g; B, 8.47 g; U5, 8.45 g; U10, 8.58 g; and U15, 8.42 g) . Chick weights were mainly affected by hatching egg weight (Wilson and Suarez, 1993; Altan et al., 1995; Dere et al., 2005; Nazlıgul et al., 2005; Copur et al., 2010) . Chick BW to initial egg weight ratio values in C, B, U5, U10, and U15 was found to be 0. 728, 0.730, 0.731, 0.735, and 0.730, respectively. 
Fertility, Hatchability, and Embryonic Mortality
The treatment's effect on hatchability and embryonic mortality are shown in Table 5 . There were no differences in the hatchability of set eggs (C, 89.57%; B, 90.43%; U5, 86.96%; U10, 88.70%; and U15, 86.96%) or hatchability of fertile eggs (C, 92.59%; B, 91.98%; U5, 90.98%; U10, 91.82%; and U15, 91.03%) among treatment groups. We did not find significant increase in embryonic mortality at any stage of incubation among all treatment groups.
Spread of Hatch
Hatching began at 377 h of incubation duration in all treatment groups (Figure 1) . The hatched chick rates of the U10 group in 379, 387, and 395 h were higher than all other treatment groups. The lowest hatching was observed in the U5 group (8%) at 379 h of incubation. No significant differences were found between U10 (95.10%) and C (92.23%) groups, but U10 and C had significantly higher hatching than B (86.54%), U5 (83.00%), and U15 (84.00%) at 411 h of incubation. There were no significant differences between U15, U5, and B groups at 411 h of incubation. Decreasing the size of spread is more important for commercial breeders, because there will be homogeneity for chicks. A spread in the hatching period will increase the number of chicks, delaying access to water and food. Extended hatching results in dehydrated chicks, reduced posthatch performance, and depressed immune response (Becker, 1960; Pinchasov and Noy, 1993; Casteel et al., 1994; Bigot et al., 2003; Gonzales et al., 2003; Tona et al., 2003; Careghi et al., 2005) .
Chick Performance
The effect of ultrasonic treatment on BW on d 10 and relative growth are shown in Table 6 . There were no significant differences for BW at d 1 and 10 between treatments. A significant difference was found between treatments for relative growth. The U15 treatment had higher relative growth than the U10 and B treatments, but no significant differences were observed among U15, U5, and C treatments. Ultrasonic treatment did not have a negative effect on chick performance.
Tibia Mineral Content
The effects of ultrasonic treatment on tibia mineral content are shown in Table 7 . There were no significant differences among treatments for tibia Ca, K, Na, and P. The tibia Ca value in C, B, U5, U10, and U15 was found to be 6. 93, 6.38, 6.80, 6.63, and 6.81, respectively. On the other hand, tibia P values in C, B, U5, U10, and U15 were observed to be 4. 32, 3.91, 3.93, 4.11, and 4.02, respectively. Tibia Zn values in U5 were higher than that in the B and U10 treatments but that of U5 did not show a difference between C and U15 treatments.
Mortality
Only one chick died in group B. No mortality was recorded in groups C, U5, U10, and U15 (data not shown).
Conclusion
The results of this study demonstrated that ultrasonic treatment did not negatively affect hatchability, embryonic mortality, chick performance, or chick survival. On the other hand, microbial activity was significantly lower in hatching eggs with ultrasonic treatment. The data presented on the ultrasonic treatment of hatching eggs indicates that further development of ultrasonic treatment on hatching eggs is warranted. Further studies are needed to determine the affects of different frequencies of ultrasonic treatment on the eggs of other poultry species. Means within a column with different superscripts differ significantly (P < 0.01). 1 C = no ultrasound; B = benzalkonium chloride; U5 = ultrasonic treatment for 5 min at 35 kHz; U10 = ultrasonic treatment for 10 min at 35 kHz; and U15 = ultrasonic treatment for 15 min at 35 kHz.
